Abstract. An expression for the average energy loss rate of beam ions due to nuclear elastic scattering (NES) in Maxwellian plasmas is derived, by taking into consideration the thermal motion of the background ions. The NES effect on deuterium beam injection plasma heating is examined using the expression derived. As a result of the scattering due to NES of the slowing down deuterons up to the higher energy range, the average energy loss rate due to NES of 1 MeV deuterons in 20 keV deuterium plasmas decreases by about 60% compared with the case of cold background plasmas. An examination is also made of the fraction of the beam energy deposited to ions. It is shown that when the beam energy is higher than 1 MeV, the increase in the fraction due to NES becomes appreciable.
Introduction
It is well known that nuclear elastic scattering (NES) contributes to the slowing down of suprathermal ions [1] . NES is a non-Coulombic, large angle scattering process, and a large fraction of the fast ion energy is transferred in a single event. In conceptual designs of next generation fusion devices, the use of beam energies of more than 1 MeV is required. In the discrete slowing down process via NES, beam ions are often scattered up to the high energy range by the thermal component. In this case, the NES effects on the slowing down of beam ions cannot be ignored compared with those due to Coulomb collisions.
Devaney and Stein [1] first pointed out the necessity of taking into account the contribution of the nuclear forces, including their interference with the Coulomb process, to ion-ion scattering, and presented an expression for the energy loss rate due to the NES per unit path length. They took into account the large energy transfer (LET) slowing down effect (the treatment is usually referred to as the modified continuous slowing down (MCSD) model). In their expression, however, the thermal motion of the background ions was neglected (the background ions were assumed to be stationary); thus the effect of the large angle nuclear collisions which scatter the slowing down ions themselves up to the higher energy range, i.e. the LET up-scattering effect, is not incorporated into the analysis.
At the start of the studies of the NES effect on burning plasma properties, many analyses were made on the basis of the Devaney and Stein treatment, i.e. the MCSD model [2, 3] . Brueckner and Brysk [2] investigated the reaction probability of the recoil ions produced by LET interactions. Nakao et al. [3] revealed a decrease of the confinement parameter due to NES.
In order to include the LET excitation of background ions from thermal energies to the higher energy range, more accurate models have also been proposed [4] [5] [6] , and their computational schemes have been developed [4] [5] [6] [7] [8] [9] [10] [11] . Peres and Shvarts [5] developed a formulation similar to the Boltzmann type slowing down equation. The Peres model was further expanded by Greenspan and Shvarts [7] , describing the energy variable in the multigroup formulation. By explicitly separating the continuous slowing down (Fokker-Planck collision) term from the LET scattering (Boltzmann collision) term, Ligou [6] proposed a new type of transport equation, i.e. the Boltzmann-Fokker-Planck (BFP) equation. In the above calculations, however, the LET up-scattering of slowing down (suprathermal) ions themselves by the thermal component was not taken into account.
In this Letter, we analytically derive an expression for the average energy loss rate of fast ions via NES, taking into account the LET upscattering effects. By using the derived expression, we can estimate the NES effects on beam slowing down without more complicated numerical simulations. The NES effect on NBI plasma heating, i.e. the fraction of the beam energy deposited on ions, is quantitatively investigated.
Energy loss rate due to NES in thermonuclear plasmas
If the target ions are assumed to be stationary, the projectile ions change their energies via single elastic
Here, µ is the cosine of the scattering angle in the centre of mass system. By integrating the product of ∆E a and the differential NES cross-section over the entire scattering angle, the averaged energy loss rate due to NES can be estimated [1, 3] ,
where dσ/dΩ represents the differential NES crosssection. In the above treatment, the fast ions do not receive any energy from background ions, so that the LET up-scattering effect is not considered. In order to more accurately treat the problem, we consider the number of particles dn = f (v, t) dv in the phase space volume element dv. If we assume that δt is much larger than the duration of an NES event, several NES events will occur in δt, some of which scatter particles into the velocity interval dv and some out of dv. Now consider a two body elastic collision, and write the particles velocities before and after the collision as v a , v b and v a , v b , respectively. The change in the number of species a in an element dv due to the NES with species b can be expressed as the Boltzmann collision term,
where dΩ is an element of solid angle in the centre of mass system. Suppose that the scattering is isotropic in the centre of mass system. Then, the probability that an ion of species a changes its velocity from v a to v a owing to NES by an ion of species b (which has velocity v b ) is
where m r represents the reduced mass, and
In this Letter, the NES cross-sections are taken from the work of Perkins and Cullen [12] . They obtained the NES differential cross-sections by subtracting the Coulomb contribution from the experimental data, and then evaluated the average fractional energy loss per nuclear collision. The fractional energy losses evaluated (by them) were compared with the values when isotropic scattering in the centre of mass system was assumed. For deuterium beams, it was shown that, when the target ion species is T or 3 He, the angular distribution of NES is to a certain extent backward peaked. In this case, the assumption of isotropic scattering may underestimate the NES effect on the plasma properties. On the other hand, for proton or deuteron targets, the isotropic scattering assumption would be a good approximation.
Using Eq. (3), we can rewrite Eq. (2) as
The net energy that an ion of species a (which has velocity v a ) receives or loses via NES by background ions per unit time, i.e. the energy loss rate of species a, can be derived by assuming a delta function dis- (Fig. 1) . Here, θ max can be determined so that the circle with centre P (whose radius is m r v r /m b ) is circumscribed by the circle with centre Q (whose radius is v a ),
After carrying out the integration of Eq. (4) for several geometrical conditions, we arrive at the expression for the energy loss rate of species a (which has velocity v a ) via NES in a Maxwellian plasma (with temperature T ),
Here, there are two cases, 
In Eq. (6), Φ represents the error function. deuterons are assumed to be stationary, the slowing down deuterons do not receive any energy from the background ions, i.e. the calculation corresponds to that by means of the MCSD model. The dotted curves show the average energy loss rate due to NES when the thermal motion of the background ions is considered. It is found that the energy loss rate decreases from the value for the cold background plasmas. This is attributed to the up-scattering of the slowing down deuterons due to NES by background thermal ions. A comparison of the energy loss rate of beam deuterons due to NES with that due to Coulomb collisions for several background ion species, i.e. deuterons and tritons, is made, and the results are presented in Fig. 3 as a function of deuteron beam energy. The solid curves indicate the energy loss rate of beam deuterons due to NES, while the dotted curves denote those due to Coulomb collisions. The background densities are taken as n D = n T = when we take into account NES, f
Thermal motion effect on energy loss rate
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, can be approximately estimated as
where
and E NBI is the incident beam energy. The enhancement of the fraction due to NES,
is shown in Fig. 4 for some n D /n T ratios. When the beam energy is 2 MeV for n D /n T = 1, the fraction increases by about 20% from the values when we neglect the NES effect. We can also find that the degree of the enhancement is strongly influenced by the fuel ion density ratio, i.e. n D /n T . When the only background ion species is triton, no appreciable enhancement can be seen. On the other hand, for a deuterium plasma, the enhancement of the fraction reaches almost 25% for 2 MeV beams. This is because the DD NES cross-sections are several times larger than the DT ones. In Eq. (7), we have assumed that once energy has been transferred to ions by NES it remains absorbed by the ions. Thus, the results presented in Fig. 4 are the upper bound of the fraction. The recoil ions created by NES may subsequently deposit some energy to electrons during their slowing down process [8] . To more accurately estimate the fraction, we should further account for the energy transferred from recoil ions to electrons. Nevertheless, in this Letter, we focus our attention on the effect of NES on NBI heating. In this case, since the ion energy is not large compared with that of fusion produced ions, the fraction estimated by Eq. (7) would be a good approximation.
To summarize, we have presented an expression for the energy loss rate of fast ions due to NES in thermonuclear plasmas. It has also been shown that the slowing down ions receive energy from the background ions via NES so that the energy loss rate decreases from the values when the LET upscattering effect of fast ions is neglected. The increase in the fraction of beam energy deposited on ions due to NES becomes appreciable when the beam energy becomes larger than 1 MeV.
